Efficient delivery of copper ions to specific intracellular targets requires copper chaperones that acquire metal cargo through unknown mechanisms. Here we demonstrate that the human and yeast copper chaperones (CCS) for superoxide dismutase 1 (SOD1), long thought to exclusively reside in the cytosol and mitochondrial intermembrane space, can engage negatively charged bilayers through a positively charged lipid-binding interface. The significance of this membrane-binding interface is established through SOD1 activity and genetic complementation studies in Saccharomyces cerevisiae, showing that recruitment of CCS to the membrane is required for activation of SOD1. Moreover, we show that a CCS:SOD1 complex binds to bilayers in vitro and that CCS can interact with human high affinity copper transporter 1. Shifting current paradigms, we propose that CCS-dependent copper acquisition and distribution largely occur at membrane interfaces and that this emerging role of the bilayer may reflect a general mechanistic aspect of cellular transition metal ion acquisition.
membrane scaffold | copper homeostasis | copper transfer | copper uptake A lthough often neglected, the powerful and flexible redox and coordination chemistries of copper ions play pivotal roles in cellular processes such as respiration, iron transport, and antioxidant defense (1) (2) (3) . Although essential for life, the same chemical properties pose threats to cellular functions because if uncontrolled, copper ions can participate in Fenton chemistry and catalyze the production of reactive oxygen species (ROS), which can cause cellular damage and cell death (4) (5) (6) . In response to this threat, eukaryotic cells have developed complex regulatory mechanisms to tightly control copper metabolism and homeostasis (7, 8) . Not surprisingly, breakdowns in copper homeostasis have been associated with several human diseases, most notably Wilson disease, Menkes disease, Parkinson, Alzheimer's, and familial amyotrophic lateral sclerosis (9) (10) (11) (12) (13) . The correlation of devastating diseases with defects in copper transport and distribution emphasize the importance of mechanistic studies aimed at understanding the molecular basis of copper homeostasis.
During the last 20 y, genetic and molecular approaches revealed a multilayered system of protein components that regulate every aspect of copper movement through the body, including copper transport across membranes and copper distribution within cells. Related to copper distribution, three small proteins known as antioxidant 1 copper chaperone (ATOX1), CCS, and cytochrome c oxidase copper chaperone 17 (COX17) have been identified that, in eukaryotic cells, serve to sequester the chemical reactivity of copper ions and to facilitate their delivery to specific downstream processes via direct protein-protein interactions (14, 15) . Mechanistic understanding of how copper chaperones bind and transfer copper to intracellular targets has made great advances as a result of the emergence of high-resolution crystal structures and spectroscopic data (16) . However, the question of how copper chaperones initially acquire their cargo has remained elusive because the cellular localization of the chaperones within the cytosol or mitochondrial intermembrane space did not provide clear prompts to guide mechanistic studies. Addressing this bottleneck, our studies were focused on the copper chaperone CCS, which delivers copper to superoxide dismutase 1 (SOD1), a Cu/Zn-containing antioxidant enzyme that converts radical superoxide to molecular oxygen and hydrogen peroxide (17) . Here we describe the surprising finding that cellular membranes play an important role in initial copper acquisition by CCS. The idea that the bilayer represents a functional component in the CCSdependent pathway of copper trafficking challenges existing mechanistic models for cellular copper acquisition, and may have further implications for other metal transport mechanisms used by eukaryotic cells.
Results

Yeast CCS Can Bind Bilayers Through a Positively Charged Lipid
Binding Interface. In contrast to a mechanistic understanding of copper transfer from chaperones to their intracellular targets, mechanisms that govern copper acquisition by the chaperones have remained elusive. The simplest solution to this vexing problem would be a direct transfer of copper ions from the highaffinity copper uptake transporters to CCS. Linked to such a mechanism is the postulate that CCS should be able to interact with lipid bilayers because such interactions would reduce the dimensionality of the search that results in successful target acquisition and ion transfer. Supporting this idea, the crystal structure of dimeric yeast CCS (yCCS) revealed clustering of several positive residues on one of the surfaces, which could mediate electrostatic interactions with the phosphate groups of the bilayer or negatively charged headgroups such as phosphatidylserine (Fig.  1A) (18) . Motivated by this observation, we used gravity-induced reverse migration of liposomes in density gradients to determine whether CCS could engage lipid bilayers. In these experiments, CCS associated with bilayers made from synthetic lipid substrates and showed a clear preference for membranes that contained
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Freely available online through the PNAS open access option. (Fig. 1B) . Moreover, CCS also bound to liposomes made from natural yeast lipid extracts, suggesting that binding could also occur in vivo where the mol-fraction of the negatively charged lipid species is lower than in the synthetic bilayers we used in our initial experiments. To exclude the possibility that the observed lipid binding was a generic effect, we also tested whether an unrelated protein, bovine serum albumin (BSA), was able to engage membranes. Despite the presence of positively charged patches on its surface, BSA failed to bind negatively charged bilayers (Fig. S1 ). This suggested that the binding observed for CCS was genuine.
We next tested whether positively charged residues in the putative lipid-binding interface were important for the observed membrane association of CCS. To this end, positive residues in the predicted binding interface (Fig. 1A) were mutated to neutral alanine, and the influence of these mutations on lipid binding was assessed using floats with liposomes containing 80% (wt/wt) POPS. Compared with wild type yCCS, each of the alanine mutants showed a significant reduction in lipid binding (Fig. 1C) . Of the mutants, the single replacement of lysine 89 to alanine (K89A) had the biggest influence on lipid binding, with more than a sixfold decrease in binding (P < 0.005 compared with wild-type). Other mutations that were tested were a single mutant lysine 167 to alanine (K167A), a triple mutant lysine 95 to alanine, lysine 96 to alanine, arginine 101 to alanine (K95A/ K96A/R101A), and a quadruple mutant that combined the latter two constructs. All three of these mutants showed reduced lipid binding (P < 0.005) and seemed to have an additive effect based on the observed association for the quadruple mutant. Gel filtration experiments yielded well-defined elution profiles, suggesting that the mutations did not result in gross distortions of CCS overall structure and that the observed reduction in membrane association was a result of the modifications of the chaperone's latent membrane-binding interface.
yCCS:Membrane Interactions Are Required for SOD1 Activation in Vivo. We next thought to establish whether the observed lipidbinding defects were relevant for copper distribution in vivo.
Toward this goal, we exploited that CCS deletion strains of Saccharomyces cerevisiae are very sensitive to oxidative stress and stop growing under aerobic conditions because the inability to form functional Cu,Zn-SOD1 results in excessive oxidative damage. Fortuitously, SOD1 activation strictly depends on the presence of functional, copper-loaded CCS in yeast, making it a good model to test our hypothesis through genetic complementation assays. As expected, genetic complementation of a S. cerevisiae CCS knockout strain through episomal expression of wild-type yCCS recovered growth under aerobic conditions ( Fig.  2A) . To assess the effect of putative lipid-binding mutants, we decided to test the yCCS K95A,K96A,R101A triple mutant as a representative construct. As shown in Fig. 2A , episomal expression of the triple mutant in the yCCS deletion background failed to restore growth. This prompted the question of whether the failure to rescue the yCCS deletion phenotype was caused by the inability of the mutant to efficiently interact with membranes in vivo or simply reflected a defect in the mutant's ability to transfer copper cargo SOD1. To rule out the latter, we qualitatively tested whether our quintuple mutant, yCCS K89A,K95A,K96A,R101A,K167A , could still transfer copper to copper-free SOD1. As shown in Fig. 2B , incubation of a largely demetallated preparation of yeast SOD1 (ySOD1) with a copper-loaded form of the mutant CCS resulted in in vitro reconstitution of SOD1 activity. In these experiments, we confirmed the absence of copper from SOD1 but did not measure the enzyme's zinc content. Therefore, we do not know what fraction of the enzyme was in the E,Zn state that could be activated by insertion of copper. On the basis of other reports (19, 20) and the experimental conditions we used, the amount of E,Zn-SOD1 was likely to be low, explaining why the observed SOD1 activities were small. We did not attempt to optimize this experiment because conceptual proof of functionality of the mutant CCS seemed sufficient, given that the yCCS region harboring the membrane-binding mutants is spatially completely separate from regions that are important for complex formation and copper transfer to SOD1 (21) (Fig. S2 ). Control experiments using mutant apo-CCS also yielded a small amount of SOD1 activity that was not a result of apo-CCS alone. The reasons for this behavior are unknown. Nevertheless, . Statistical significance was determined between wild-type yCCS (n = 8) and membrane-binding mutants (n = 8) using an unpaired Student's t test. ***P < 0.0005.
the reconstitution experiments supported the idea that changes in the putative membrane-binding interface of CCS were unlikely to abolish the ability of CCS to transfer copper into SOD1.
On the basis of the observation that mutant CCS was able to transfer copper into SOD1, we next investigated how each of the individual mutations affected SOD1 activation in vivo. To this end, cells of the yCCS deletion strain were complemented with the various constructs, and SOD1 activities were determined from cytosolic extracts, using a colorimetric assay for SOD1 activity. In these experiments, extracts from wild-type yeast strains and the CCS knockout strain served as a control to establish common expectation values (Fig. 2C) . Compared with this baseline, SOD1 activity was restored when wild-type yCCS was expressed in the knockout strain. In contrast, all of the yCCS membrane-binding mutants displayed a significant reduction of SOD activity (unpaired t test P values < 0.05; Fig. 2C; Fig. S3 ). Moreover, an additional control strain in which wild-type yCCS was targeted to the mitochondrial outer membrane through addition of the translocase of the outer mitochondrial membrane 22 (TOM22) anchor sequence also showed significantly reduced SOD1 activity (Fig. 2C) . Taken together, these observations suggested that the ability of CCS to associate with bilayers through the putative membrane-binding interface was required for efficient SOD1 activation. Moreover, the observation that mitochondrial tethering of otherwise unchanged CCS also resulted in a defect in SOD1 activation suggested that CCS preferentially obtained its cargo at the plasma membrane, where high-affinity copper transporters, copper transporter 1 (CTR1) in particular, are found that could serve to directly furnish copper ions to CCS.
Membrane Association of CCS Is Responsive to Oxidative Membrane
Damage, but Independent of Copper Loading Status. Building on the evidence that membrane association of CCS played a role in SOD1 activation, we next determined whether oxidative membrane damage would have an effect on CCS binding. Measuring yCCS binding to liposomes that were composed of oxidized and nonoxidized total yeast lipid extracts, we found that yCCS bound oxidized lipids more avidly than normal yeast lipid extract (P = 0.0045), suggesting that CCS recruitment may be enhanced under conditions of oxidative stress (Fig. 3C) .
Because copper acquisition only represents the first step in the yCCS-dependent cellular copper distribution, we next tested whether copper loading of yCCS would affect its ability to engage the membrane. To this end, yCCS was copper loaded according to previously published protocols (22) ; copper loading was confirmed with inductively coupled plasma mass spectrometry (ICP-MS). Data summarized in Fig. 3A demonstrated that both apo-yCCS and copper-loaded yCCS engaged liposomes containing 80% (wt/wt) POPS with equal efficiency (unpaired t test returned P = 0.34, indicating that the observed differences were not significant). The observation that yCCS binding to membranes was affected by oxidative membrane damage, but did not change with copper loading status, seemed to pose a paradox, as it raised the question of how copper-loaded CCS could escape the membrane to find intracellular SOD1. This problem could be avoided if SOD1 itself could also be recruited to membranes, thus eliminating the need for copper-loaded yCCS to engage in a random 3D walk in search of cytosolic apo-SOD1. Membrane-binding assays using the copper-binding defective ySOD1 histidine 48 to phenylalanine mutant (ySOD1 H48F ) (21) revealed that it indeed was Student's t test was used to measure significance between wild-type yeast cells (WT) and episomal expression of yCCS wild-type and mutants in RR102 yCCS deletion strain (yCCS KO). *P value <0.05; **P < 0.005; ***P < 0.0005. H48F protein-only control (n = 11) by unpaired Student's t test showed that ySOD1 H48F bound all lipids tested with similar affinity (**P < 0.005).
capable of associating with liposomes formed from yeast lipid extract, oxidized yeast lipid extract, and 80% POPS ( Fig. 3D ; P = 0.0002). However, ySOD1 differed from yCCS in that it did not display a preference for oxidized lipids over nonoxidized lipids. These findings suggested that the membrane may not only facilitate copper loading of CCS but also serve as a scaffold during copper delivery to SOD1. As a first step toward testing this model, we determined whether a preformed complex between yCCS and ySOD1 could associate with bilayers as well. As shown in Fig. 3B , the purified heterocomplex between yCCS and ySOD1 H48F (21) (Fig. S4) retained the ability to engage membranes.
Human CCS Can Bind to Membranes and Can Directly Interact with hCTR1. The emerging support for the idea that membranes may play an important role in cellular copper distribution to CCS raised the question of whether our findings were conserved beyond yeast, which we used as model organism because of its strict coupling between CCS and SOD1 activity. As shown in Fig. 4A , human CCS (hCCS) readily associated with bilayers. Similar to its yeast homolog, the human chaperone demonstrated a preference for negative lipid headgroups, especially POPS and POPG, with a more than threefold increase in binding over POPC lipids, but it did not share the preference of yCCS for the smaller headgroup of POPA. Using bovine brain total lipid extract, we also demonstrated that hCCS could associate with natural lipids, yielding a 1.5-fold increase over POPC liposomes.
The conserved ability to engage membranes raised the intriguing question of whether hCCS was able to interact directly with the human copper transporter hCTR1, which mediates cellular copper uptake in all cells. As a first step toward testing this hypothesis, we carried out protein pull-down assays with purified components. Fig. 4B shows that apo-hCCS not only recognized hCTR1 but did so in a copper-dependent manner. Notably, efficient pull-down was only observed if hCTR1 was copperloaded, suggesting that apo-hCCS had the ability to distinguish between functional states of the human copper transporter. The qualitative results were quantitated more rigorously (Fig. 4B , Right) and demonstrated unambiguously that a direct interaction between hCCS and hCTR1 was possible in vitro. Although these experiments were carried out in solution, there is no obvious reason why these interactions should not be possible if CTR1 were membrane-embedded, as interactions between soluble CCS and the copper transporter are unlikely to involve the transporter's transmembrane regions. Taken together, our data both raise the intriguing possibility that the initial distribution of copper to CCS and copper transfer to SOD1 all may occur in a membranebound state and set the stage for mechanistic studies to unravel the details of this fascinating paradigm.
Discussion
Since their discovery in the 1980s and 1990s, soluble copper chaperones have been believed to reside in the cytosol. Arising from this apparent fact was the silently accepted idea that chaperones must obtain their cargo from a highly mobile cytosolic copper pool that, most likely, would be associated with glutathione (23, 24) . In support of this idea, deletion of CCS in mammalian cells does not abrogate SOD1 activity, suggesting that higher organisms have evolved salvage pathways that, in time of need, can prey on a labile copper pool outside the copper chaperones and copper stored in metallothionein (25) (26) (27) . Although these bypasses clearly exist, it does not seem plausible that they make major contributions to cellular copper distribution under normal circumstances, given the molecular measures of participating elements and recently established cellular abundance of some of the molecular components. For instance, measurements in yeast estimated the number of CCS molecules to be ∼12,000 per cell, corresponding to ∼6,000 CCS dimers. According to the crystal structure, the two copper binding sites in the socalled D1-domains of a CCS dimer enclose ∼2,000 Å 3 combined, meaning that in yeast, these domains would have to find cargo by parsing ∼3 × 10 13 Å 3 of cytosol that is thought to be accessible to protein if copper acquisition were governed by random 3D searches. These numbers reveal a staggering mismatch in proportion, pointing to a fundamental problem that is further compounded by the fact that potential encounters can only be successful if the molecules collide in a molecular orientation that is permissive for copper exchange. Adding to this that a random 3D search of copper-loaded CCS for apo-SOD1 would be similarly inefficient, it seems that any mechanism increasing the odds of copper distribution to both CCS and SOD would represent a distinct evolutionary advantage.
Facing impossible odds of obtaining copper by pure random searches, membrane association of CCS provides a stunningly simple solution to the daunting challenge of distributing copper ions to chaperones if acquisition of copper cargo were to occur through direct molecular interactions with CTR family copper transporters. Specifically, binding of CCS to the bilayer lowers the dimensionality of the problem to a 2D search of the membrane surface (Fig. 5) . Equally, if not more, important, the association of soluble proteins with the bilayer confines their molecular tumbling to occurring around an axis perpendicular to the bilayer and restricts the number of possible orientations, which would further facilitate capture of cargo by biasing intermolecular interactions of the chaperones with the membrane proteins it encounters. Put into perspective, recent measurements estimate the number of CTR1 molecules in the yeast plasma membrane to be 1.2 × 10 3 for CTR1 (28, 29) , which is about five times less than the number of CCS dimers. Within a 10-Å annulus above the membrane surface, concentrations of these molecules would be ∼6 μM and ∼1.3 μM, respectively if, for simplicity, one assumed that all CCS dimers were associated with the membrane of a cell that measures ∼5 × 7μm. Although far from accurate, these estimates put concentrations within the Fig. 4 . Lipid-binding screen of human CCS-and hCTR1-mediated pull-down of hCCS. (A) Lipid float data for human CCS. All means ± SEM were compared with the protein-only controls, using the Student's t test to determine significance (n = 8 for all lipid groups and n = 11 for hCCS protein-only control; **P < 0.005; ***P < 0.0005). Lipid mixtures (POPA, POPG, POPS) were mixed with POPC lipids in an 80:20 ratio (wt/wt). (B) hCTR1-mediated pull-down of hCCS measured by SDS/PAGE (Left) and densitometry after Coomassie staining (Right). Significance was determined against the "hCCS-only" control and yielded P < 0.039 (n = 3) for copper-loaded Cu(I)-hCTR1, whereas Apo-hCTR1 without copper (n = 3) did not cause hCCS significant pull-down.
range that is typical for protein:protein interactions and illustrates that membrane association of CCS and its interaction with CTR1, as shown here, could fill the missing link in the understanding of initial cellular copper distribution.
Adding a potentially more general perspective to the emerging idea of transporter-dependent copper loading of CCS, Xiao and Wedd demonstrated that the C terminus of yCTR1 was able to transfer copper ions to the copper chaperone ATOX1 in vitro (30) . Although the physiological significance of these findings was never established, reopening this case may be warranted. Specifically, our finding that membranes are likely to provide a scaffold for cellular copper distribution suggests that direct transfer of copper from transporter to chaperone may represent an important, albeit not exclusive, access route for chaperones to obtain their metal cargo. Intriguingly, independent work by Reddi and Culotta very recently showed that membrane-associated SOD1 plays an important role in the integration of glucose metabolism in yeast (31) . Although direct membrane binding of SOD1 was not tested in their study, our own data, shown here, leave no doubt that SOD1 can engage bilayers. The additional finding that even a CCS:SOD1 complex retains some affinity for the membrane puts all pieces into place and opens a unique chapter in understanding cellular copper homeostasis by suggesting that copper distribution to CCS, cytosolic SOD1, and potentially other chaperones occurs in the context of a membrane scaffold (Fig. 5 ).
Materials and Methods
Plasmids, Constructs, and Protein Expression/Purification. All constructs used in the liposome float assay contained an N-terminal 6× his-tag for purification/ identification purposes. Specific constructs were as follows: yCCS [pAG8H expression vector, tobacco etch virus (TEV) nuclear inclusion a endopeptidasecleavable 6-his-tag], hCCS [pET-15b (Novagen), thrombin cleavable 6-his-tag], and ySOD1 [pET-16b (Novagen) factor Xa-cleavable 6-his-tag]. All yCCS and ySOD1 point mutant constructs were generated with standard Quickchange PCR strategies (Stratagene), and construct fidelity was confirmed through sequence analysis before transformation into BL21(DE3)-competent cells. Positive transformants were selected on Luria Broth agar plates containing 100 μg/mL ampicillin. For liposome floats requiring yCCS to be copper-loaded, yCCS was cloned into a pET-11b expression plasmid lacking the his-tag because the tag interferes with copper binding as a result of its intrinsic metal affinity.
Host strain BL21(DE3) was used for all protein production. Expression was initiated when 1 L bacterial cultures reached OD 600 0.7. Before induction, cultures were cold shocked at 4°C for 1 h and then induced with the addition of 300 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for an 18-h expression at 16°C. His-tagged proteins were purified on Talon Cobalt resin according to manufacturer's recommendations. Untagged yCCS protein expressed from the pET-11b plasmid was purified according to published methods, after cold shock expression (18) . All purified protein was gel filtered on a Superdex-200 G/L30 (GE Healthcare) size-exclusion chromatography column in 100 mM NaCl and 10 mM 3-(N-morpholino)propanesulfonic acid (Mops) at pH 7.4. Protein purity was measured using SDS/PAGE Coomassie; the proteins were determined to be >90% pure. For long-term storage, protein stocks were supplemented with 8% (vol/vol) glycerol and flash frozen in liquid nitrogen and stored at −80°C until needed.
For the S. cerevisiae oxygen sensitivity assay, wild-type yCCS and yCCS (K95A,K96A,R101A) were cloned into the pRS313 vector with imidazoleglycerol-phosphate dehydratase (HIS3) marker. yCCS constructs were transformed into RR102 (lys7Δ::ura3) S. cerevisiae strain according to standard protocols, using Bio-Rad MicroPulse Electroporator in a Gene Pulser Cuvette with 0.2-cm electrode gap (both cell lines and plasmids were obtained from V. Culotta, Johns Hopkins University, Baltimore) (32, 33) . After selection on −Ura/−His minimal dextrose plates supplemented with 0.5% Tween-80 and 15 mg/L ergosterol, cells were grown anaerobically in a GasPak anaerobic chamber at 30°C until colonies were visible (34) . Positive transformants were identified by colony PCR and Western blot with rabbit anti-yCCS antibodies (obtained from the V. Culotta laboratory).
Liposome Float Assay. Lipids were purchased from Avanti Polar Lipids as chloroform stocks. Lipid films were prepared by drying down lipid mixes under argon gas, as previously published, and storing them in glass vials at −30°C (35) (36) (37) . To generate liposomes, the lipid films were hydrated with 100 mM NaCl/10 mM Mops at pH 7.4 and subjected to 5 rounds of rapid freeze-thaw cycles in liquid nitrogen and warm water. For the float assay, 40 μg purified protein and 400 μg freshly prepared liposomes were mixed and brought up to a final volume of 200 μL, followed by a 1-h incubation at 25°C in an Eppendorf Thermomixer. After the incubation, 700 μL of buffer [38% (wt/vol) sucrose 100 mM NaCl/Mops at pH 7.4] were added to the proteoliposome solution and carefully transferred to Beckman ultracentrifugation tubes (11 × 34 mm). The high-density [38% (wt/vol) sucrose-containing] protein/liposome solution was then carefully layered with 200 μL low-density solution (buffer without sucrose). Samples were carefully placed into the Beckman TLS-55 rotor and centrifuged for 30 min at 106,355 × g (average) at 10°C. After centrifugation, 150 μL low-density solution was carefully removed, leaving the interface between the high-density and lowdensity solutions undisturbed. All samples were concentrated in a Savant SC110 Speedvac until the final volume was ∼25 μL. Samples were rediluted with 5× Laemmli Buffer and boiled for 5 min before loading into a 15% (wt/vol) polyacrylamide gel with BSA standards (to allow normalization for staining differences between gels). Gels were stained in Coomassie G-250 (Research Organics) according to standard protocols and imaged on an Alpha Innotech FluorChem HD2 Imager. Tiff images of the gels were used to quantitate protein bands by densitometry, using the ImageJ software analysis package (38) . To this end, all images were cropped and background subtracted, using the default 50-pixel rolling ball radius light background option. Measured density integrations were recorded and then normalized for staining, using the internal BSA control.
S. cerevisiae Oxygen Sensitivity Assay. S. cerevisiae (RR102) expressing yCCS constructs were initially cultured in yeast extract/peptone/dextrose (YPD) Tween-80/Ergosterol at 30°C in an anaerobic environment (COY Instruments Glove box) until they reached an OD 600 of 1. Each culture was centrifuged at 805 × g for 10 min in an Eppendorf 5810R centrifuge with a swinging bucket rotor and diluted to OD 600 of 0.01 in sterile PBS buffer. Five-microliter aliquots of 1:5 serial dilutions of yeast cells were then spotted on YPD Tween-80/Ergosterol plates and incubated for 96 h in anaerobic or aerobic environments, respectively. Anaerobic growth was achieved in a BBL-GasPak anaerobic chamber with palladium catalyst, which was placed in a 30°C incubator. All strains were maintained in anaerobic conditions before spotting to avoid the appearance of suppressor mutants (39) . SOD Activity. SOD activity was measured using a colorimetric assay in accordance with manufacturer's recommendations (Calbiochem SOD Assay kit II). Yeast strains where cultured in 50 mL YPD Tween-80/Ergosterol media initially in an anaerobic environment until the cultures reached an O.D. 600 of 1, and then were switched to an aerobic environment for overnight growth. The overnight growth in an aerobic environment serves to ensure proper maturation of SOD function, which has been recently connected to glucose and oxygen signaling pathways in yeast (31) . Cells were harvested by lowspeed centrifugation and washed twice in ice-cold sterile PBS. Protoplasts were generated before manual lysis, using an ice-cold glass Dounce homogenizer (40) . Mitochondria and cell debris were removed from the lysate by centrifugation at 12,000 × g for 15 min. The final buffer composition for the lysis was 20 mM Hepes at pH 7.2, 1 mM EGTA, 210 mM mannitol, 70 mM sucrose, and 0.1% SDS to reduce the contribution of contaminate activity of SOD3. Total protein in the cell lysate was measured using Bradford Coomassie reagent and diluted to 1 mg/mL. SOD activity was calculated with a standard curve constructed from purified bovine erythrocyte Cu,Zn-SOD.
To ensure yCCS mutants did not influence the copper transfer from CCS to SOD1, SOD activity was measured using the full quintuple-mutant yCCS 89A,95A,96A,101A,167A
. Full mutant was purified as described earlier. After purification, the his-tag was removed with TEV protease cleavage and further purified with size-exclusion chromatography. Full mutant yCCS was copper-loaded according to methods previously described (20, 22) , and copper content was confirmed using ICP-MS. Copper-free ySOD1 was purified using previously published protocols (41) . SOD1 activity was measured with an SOD Assay kit II (Calbiochem), using the same procedure mentioned earlier with 0.2 mg/mL of each yCCS and reconstituted copper-free ySOD1.
ICP-MS.
Copper loading of CCS and SOD1 was carried out according to published protocol in an anaerobic chamber (COY Laboratories) (22) . After copper loading, protein samples were digested in 3% (vol/vol) nitric acid (HNO 3 ) and diluted to ensure the Cu concentration was in the parts-per-billion (ppb) range. All samples contained an internal standard of Yttrium (Y) at a concentration of 5 ppb and were made in 3% (vol/vol) HNO 3 . Copper standards (Inorganic Ventures) were constructed from 0 to 100 ppb, with a correlation coefficient >0.999. All measurements were conducted X-Series II ICP-MS (Thermo Fisher) with SC-2 Autosampler (Elemental Scientific Inc.) at the Quantitative Bioelemental Imaging Center facility at Northwestern University, Evanston, IL. yCCS ySOD1 Complex Formation. A yCCS and ySOD1 H48F complex was assembled according to previously reported methods (19) . The complex was purified using size-exclusion chromatography in 20 mM DTT, 100 μM ZnSO 4 , and 100 mM 2-ethanesulfonic acid (Mes) at pH 6.0, using a Superdex75 (GE Healthcare) on Akta Purifier FPLC (GE Healthcare). The FPLC peak corresponding to the complex was confirmed using Western blot against both yCCS and ySOD1 [kind gifts of the V. Culotta (Johns Hopkins University) and T. O'Halloran (Northwestern University) laboratories, respectively]. Protein complexes were prepared and used immediately in the liposome float assay. The protein band corresponding to yCCS was used to quantitate liposome binding, using the same procedure detailed earlier.
